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Amorphous silicon nitride films (thickness 30 nm) deposited on Si(001) were irradiated with 
30 – 1080 keV C60 and 100 MeV Xe ions to fluences ranging from 2 × 1011 to 1 × 1014 
ions/cm2.  The composition depth profiles of the irradiated samples were measured using 
high-resolution Rutherford backscattering spectrometry.  The sputtering yields were 
estimated from the derived composition profiles.  Pronounced preferential sputtering of 
nitrogen was observed in the electronic energy loss regime.  In addition, a large synergy 
effect between the electronic and collisional sputtering was also observed.  The sputtering 
yields were calculated using the unified thermal spike model to understand the observed 
results.   Although the calculated results reproduced the observed total sputtering yields 
with a lowered sublimation energy, the observed preferential sputtering of nitrogen could not 
be explained.  The present results suggest an additional sputtering mechanism related to the 





When solid surface is bombarded with energetic ions the surface atoms are removed.  
This is called sputtering, which is the basis of many applications, such as sputtering 
deposition, plasma etching, surface analysis and so on.  For the bombardment of low energy 
ions the sputtering is caused by elastic collisions between the incoming ions and the atoms in 
the surface layers and closely linked to the nuclear energy loss [1].  On the contrary, for the 
bombardment of high energy ions, the elastic collision plays a minor role in the sputtering 
process because the kinetic energy of the high energy ion is deposited almost exclusively to 
the target electrons.  Nevertheless, the surface erosion is observed especially with insulators 
[2].  This is called electronic sputtering and in some cases huge sputtering yields, more than 
1000 atoms/ion, were observed.  The origin of the electronic sputtering is attributed to the 
electron-phonon coupling.  The energy deposited to the electrons (electronic energy loss) is 
transferred to the atomic subsystem and this causes large local heating where surface atoms 
are removed by thermal evaporation.  Such a local heating can be described by a so-called 
inelastic thermal spike (i-TS) model [3], which was originally developed to explain the 
formation of ion tracks produced by swift heavy ions.  Based on the i-TS model, the 
observed sputtering yields of crystalline and vitreous SiO2 irradiated with swift heavy ions 
were well reproduced [4].    
Thus, the mechanism of sputtering is well understood in both low and high energy 
regimes.  In the intermediate energy regime, the synergy effect between the collisional and 
electronic sputtering may play an important role.  There is, however, almost no study on the 
synergy effect in the intermediate energy regime.   This is partly because both the 
collisional and electronic sputtering yields are small in the intermediate energy regime.  As a 
result, notable synergy effect is not expected.  This is true for monoatomic ions but is not the 
case for the cluster ions.  For the cluster ions, both the electronic and nuclear energy losses 
may be large enough to lead to a notable synergy effect in the intermediate energy regime.  
In this paper, the sputtering yields of amorphous silicon nitride (a-SiN) irradiated with 30 – 
1080 keV C60 ions are measured to study the synergy effect.  Differently from monoatomic 




keV/nm) in this energy regime.    
 
II. EXPERIMENTAL 
 A wafer of Si(001) with an a-SiN film (thickness 30 nm) deposited by low pressure 
chemical vapor deposition (LPCVD) was purchased from Silson Ltd.  The nominal density 
of the a-SiN film is 3 g/cm3.  Beams of 30 - 1080 keV C60 ions were produced by the 
400-kV ion implanter at JAEA/Takasaki.  The a-SiN/Si(001) samples were irradiated with 
the C60 ion beams at normal incidence to fluences from 2 × 1012 to 1 × 1014 ions/cm2 under a 
vacuum of 10-5 Pa.  For comparison, the a-SiN/Si(001) sample was irradiated with 100 MeV 
Xe ions to a fluence of 4 × 1013 ions/cm2 at JAEA/Tokai.    
After irradiation, the composition depth profiles of the samples were measured using 
high-resolution Rutherford backscattering spectrometry (RBS) at Kyoto University.  The 
details of the high-resolution RBS measurement were described elsewhere [5].  Briefly, He+ 
ions were produced by a Penning ion gauge type ion source and accelerated up to 400 keV by 
a Cockcroft Walton type accelerator.  The He+ beam was collimated to 2 × 2 mm2 and a 
divergence angle less than 1 mrad by two sets of rectangular shaped slit system and sent to a 
scattering chamber (base pressure 2 × 10-8 Pa).  The beam current was monitored by a beam 
chopper and the typical beam current was about 50 nA.  The He ions scattered from the 
sample at a scattering angle of 75º were energy analyzed by a 90º sector type magnetic 
spectrometer and detected by a one-dimensional position sensitive detector (1D-PSD) of 100 
mm length (the energy window was 25% of the central energy).  The RBS measurements 
were performed under channeling (<110> and/or <111> axial channeling) and random 
conditions for each sample.  During the random measurement the sample was continuously 
rotated around the surface normal to avoid undesirable channeling and/or blocking effects.   
 
III. RESULTS 
 Figure 1 shows an example of the observed RBS spectra.  The dashed and solid 
lines show the random and <111> channeling spectra, respectively, of the pristine 




a-SiN film.  Nitrogen signals are seen from ~225 to ~259 keV.  There are small peaks at 
~273 and ~241 keV, which correspond to oxygen and carbon atoms at the surface.  From 
these spectra composition depth profiles were derived through spectrum simulations.  The 
obtained result is shown by open symbols in Fig. 2.  The concentrations of silicon and 
nitrogen are almost constant in the film, which are 49% and 51% for silicon and nitrogen, 
respectively, indicating that the film composition is slightly Si-rich compared to the 
stoichiometric Si3N4.  The depth scale shown in the upper abscissa was calculated from the 
stopping power estimated with SRIM2011 [6].  From the width of the trapezoidal nitrogen 
profile, the thickness of the a-SiN film is estimated to be 30.3 nm, which is in good 
agreement with the nominal thickness of 30 nm.  In addition to silicon and nitrogen, there 
are carbon atoms of 1 × 1015 atoms/cm2 on the surface.  These carbon atoms are attributed to 
a thin surface contamination layer consisting of hydrocarbon.  Similar amount of surface 
carbon was also observed for all irradiated samples.  There are also oxygen atoms of 3 × 
1015 atoms/cm2 in the surface region, indicating that a thin silicon oxynitride layer (thickness 
~1 nm) was formed at the surface.    
 The sample was also measured after the irradiation of C60 ions.  Examples of the 
observed random and <111> channeling spectra for the sample irradiated with 540 keV C60 
ions to a fluence of 5.2 × 1012 ions/cm2 are shown by circles and triangles, respectively, in Fig. 
1.  The composition depth profiles derived from these spectra are shown by solid symbols in 
Fig. 2.  Compared to the results of the pristine sample, the Si and N profiles shift towards 
the surface by ~6 nm, showing that a part of a-SiN film was removed by sputtering.  In 
addition to the thinning of the a-SiN film, the composition was changed especially in the 
surface region.  The silicon concentration increased and the nitrogen concentration 
decreased after irradiation, indicating preferential sputtering of nitrogen.  The preferential 
sputtering changed the film composition from the surface down to ~15 nm in this case.   
The RBS measurements were also performed for the samples irradiated with C60 
ions at different energies as well as the sample irradiated with 100 MeV Xe ions and the 
composition depth profiles were derived.  Similarly to the 540 keV C60, the surface 




increases with increasing energy of C60.  For 100 MeV Xe, the composition was changed 
throughout the film.  The amount of each element in the a-SiN film was derived by 
integrating the observed profile.  Figures 3 and 4 show the fluence dependence of the 
observed amount of Si and N in the a-SiN film.  These results were fitted by exponential 
functions and the fitting results are shown by dashed curves.  The partial sputtering yields of 
silicon, YSi, and nitrogen, YN, were estimated by the slope of these curves at zero fluence.  
The obtained sputtering yields are summarized in Table 1 together with the electronic and 
nuclear energy losses calculated using SRIM2011.  
 
IV. DISCUSSION 
It is seen from the Table 1 that the nuclear energy loss Sn of 1080 keV C60 is smaller 
than that of 30 keV C60, and the electronic energy loss Se of 1080 keV C60 is smaller than 
that of 100 MeV Xe.  This leads to the following relations because the collisional 
(electronic) sputtering yield Yc (Ye) increases with the nuclear (electronic) energy loss,  
Yc(1080keV C60) < Yc(30keV C60) < Y(30keV C60),   (1) 
and  
Ye(1080keV C60) < Ye(100 MeV Xe) < Y(100 MeV Xe).    (2) 
If there is no synergy effect between the collisional and electronic sputtering, the sputtering 
yield is given by the sum of the collisional and electronic sputtering yields, i.e. Y = Yc + Ye.  
Thus, the following relation can be derived from Eqs. (1) and (2), 
Y(1080keV C60) < Y(30keV C60) + Y(100 MeV Xe).  (3) 
The observed yield Y(1080keV C60) = 4590 is, however, much larger than the sum of 
Y(30keV C60) = 1200 and Y(100 MeV Xe) = 460.  This clearly indicates that there is a 
strong synergy effect between the collisional and electronic sputtering.  It is also noteworthy 
that the ratio of the observed partial sputtering yields, YN/YSi, ranges from 1.4 to 9.  These 
sputtering yield ratios are much larger than the concentration ratio, 1.04 = 0.51/0.49, showing 
a remarkable preferential sputtering of nitrogen. 
Table 1 also shows the collisional sputtering yields calculated using the SRIM code.  




the monoatomic carbon ion of the same velocity was multiplied by 60.  The estimated 
sputtering yields are one to three orders of magnitude smaller than the observed results.  
Because the present SRIM estimation includes only the ballistic collision-cascade (linear 
collision cascade) mechanism this indicates that the observed sputtering yields are mainly 
attributed to the electronic sputtering mechanism and the elastic-collision spike mechanism.  
There are several mechanisms proposed for the electronic sputtering, such as 
Coulomb explosion model [7], multi-exciton model [8], and i-TS model [2, 4].  Among 
these models, only the i-TS model provides quantitative estimation of the sputtering yield and 
successfully explained observed sputtering yields [2, 4].  The i-TS model was originally 
developed to explain the track formation, which describes the temperature evolution of the 
electronic and atomic subsystems using two heat diffusion equations.  Recently, the i-TS 
model was extended to include the synergy effect between the elastic collision spike and the 
inelastic thermal spike in the track formation [9].  In the u-TS model, the heat diffusion in 
time t and space r (radial distance from the ion path) is described by the following differential 
equations,  
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,  (5) 
where Te, a, Ce, a and Ke, a are the respective temperature, specific heat and thermal 
conductivity of the electronic and atomic subsystems, g is the electron-phonon coupling 
constant, A(r, v, t) and B(r, t) are energy inputs into the electronic and atomic subsystems 
from the electronic and nuclear energy losses, and v is the ion velocity.  It is generally 
assumed that the track core and the shell are produced when the temperature surpasses the 
boiling energy (Eb) and the melting energy (Em), respectively [10, 11].  The observed core 
and shell radii of ion tracks in a-SiN produced by 0.12 – 5 MeV C60 ions as well as swift 
heavy ions such as 420 MeV Au ions were successfully reproduced by the u-TS calculations 
with Eb = 2.5 eV/atom and Em = 0.62 eV/atom [12].  The evolutions of atomic and 




used in Ref. 12. 
Using the evolution of temperature distribution, Ta(r, t), the evaporation rate Φi of i 


























,   (6) 
where kB is the Boltzmann constant, Ni is the atomic density of i species, Mi is the atomic 
mass of i species and Ui is the sublimation energy of i species.  The sputtering yield can be 
estimated by integrating the evaporation rate in time t and space r on the surface.  Note that 
this includes the contribution of the elastic-collision spike through B(r, t) and also the synergy 
effect between the collisional and electronic sputtering through the electron-phonon coupling.   
 Figure 5 shows the comparison between the observed and calculated total sputtering 
yields.  In the calculation, the sublimation energy U was approximated by the boiling energy 
Eb (= 2.5 eV [12]) for both Si and N.  The calculated sputtering yield (shown by dashed 
line) is almost 20 times smaller than the observed one irrespective of the ion species and 
energy.  This discrepancy may be attributed to the reduction of the surface binding energy 
caused by the high density of excitation and ionization along the ion path [4, 14].  Taking 
account of such an effect, the sputtering yields were calculated with lowered sublimation 
energies.  The results were shown by solid lines in Fig. 5.  With decreasing sublimation 
energy the calculated sputtering yield increases and the best fit to the observed result was 
obtained with U = 0.94 eV (shown by a thick solid line).  The agreement with the observed 
result is reasonably good.  It should be noted that U = 0.94 eV is, however, unrealistically 
small compared to the boiling energy (Eb = 2.5 eV [12]).  Moreover, if we look at the partial 
sputtering yields, there is a large difference between the observed and calculated results.  
 Figure 6 shows the comparison between the observed and calculated partial 
sputtering yields.  The circles show the observed result and the dashed lines show the 
calculated result for U = 0.94 eV.   At lower C60 energies, the agreement is rather good.  
With increasing energy, however, the present calculation underestimates YN and 
overestimates YSi.  Because the sublimation energies for Si and N are not necessarily the 




sublimation energies to see if the agreement is improved or not.  The best fit results were 
obtained with USi = 1.04 eV and UN = 0.91 eV for YSi and YN, respectively.  The results are 
shown by solid lines in Fig. 6.  The agreement is slightly improved but there are still rather 
large differences.  The discrepancy can be more clearly seen by comparing the sputtering 
yield ratio YN/YSi as is shown in Fig. 7.  The observed ratio increases with the energy of C60 
and even larger for 100 MeV Xe.  On the contrary, the calculated yield ratio is almost 
constant, showing that the observed preferential sputtering cannot be explained by the u-TS 
based calculation.   
Figure 8 shows the observed yield ratio, YN/YSi, as a function of the fraction of the 
electronic energy loss Se/(Se + Sn).  All data points, including the result of 100 MeV Xe, 
follow one universal curve.  At smaller Se fractions, where the collisional sputtering is 
dominant, the observed yield ratio asymptotically approaches ~1.3.  In the frame work of 




































= ,    (7) 
where ci, j are the concentration of i and j species and m denotes the power exponent of the 
interaction potential.  Using m = 0.19 [15] and USi = UN, Eq. (7) predicts YN/YSi = 1.36.  
This is in good agreement with the observed asymptotic value at small Se fractions (see Fig. 
8).  With increasing Se fraction, however, the observed ratio deviates from Eq. (7) and 
asymptotically approaches ~9.  This indicates that the observed large ratio, i.e. large 
preferentiality of nitrogen sputtering, is attributed to the electronic sputtering although the 
u-TS model cannot reproduce the observed large preferentiality.  In addition, the observed 
large sputtering yield also cannot be explained by the u-TS model as was discussed above.  
These results suggest that there is an additional sputtering mechanism of the electronic 
sputtering other than the thermal spike mechanism.   
Similar large sputtering yields (~104 atoms/ion) were observed for LiF bombarded 
by swift heavy ions [4].  The observed huge sputtering yield of LiF was reproduced by the 
i-TS calculation with a substantially reduced sublimation energy of 1.3 eV (cf. the 




suggested to be linked to the emission of cluster.  This, however, cannot explain the present 
result because the cluster emission lead to stoichiometric sputtering [4].   
 As was mentioned in the section 3, the nitrogen depletion occurs in the surface 
region down to ~ 15 nm in the case of the 540 keV C60 irradiation (see Fig. 2).  The TEM 
observation showed that 540 keV C60 ions produce continuous ion tracks in a-SiN.  The 
observed core radius was ~2 nm and the track length was ~15 nm [12, 16].  This track length 
coincides with the nitrogen depletion depth observed by RBS in the present study.  Using 
high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM), 
the density distribution around the track center can be derived [17].  From the density profile, 
the number of the atoms removed from the track core was estimated to be ~3600 [18].  
Considering the semi-quantitative nature of the HAADF-STEM analysis, the estimated 
number is in good agreement with the measured sputtering yield (5020 ± 450).  These 
results indicate that the sputtered atoms are emitted from the track core (radius ~ 2 nm and 
length ~ 15 nm) in the case of 540 keV C60 irradiation.  Recalling that the track core is 
formed in the region where the temperature surpass the boiling energy, the additional 
mechanism might be a kind of gas-flow mechanism [19, 20].  It is noteworthy that nitrogen 
depletion caused by electronic excitations were also observed for various nitride films [21 – 
24].  In these studies, the molecular recombination model was often used to explain the 
observed nitrogen depletion.  In view of these studies, the preferential sputtering of nitrogen 
observed in the present work could be explained by the gas-flow of recombined nitrogen 
molecules.   
  
V. CONCLUSION 
 The sputtering yield of amorphous silicon nitride irradiated with 30 – 1080 keV C60 
and 100 MeV Xe ions were measured using high-resolution RBS.  The results of the 
measurement showed that there is a synergy effect between the collisional and electronic 
sputtering.  Large preferential sputtering of nitrogen was also observed especially at higher 
energies.  The sputtering yields were calculated based on the u-TS model, which includes 




The sputtering yields calculated with the sublimation energy of 2.5 eV were much smaller 
than the observed results, especially in the high energy region where the electronic energy 
loss is dominant.  The agreement was improved if a reduced sublimation energy was used.  
The observed large preferential sputtering of nitrogen, however, could not be explained by the 
u-TS based calculation even if different sublimation energies were used for Si and N.  The 
present results suggest that there is an additional sputtering mechanism related to the 
electronic energy loss.  A possible mechanism might be a kind of gas-flow mechanism 
associated with decomposition of a-SiN induced by electronic excitations.     
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Fig. 1  Observed <111> channeling (solid line) and random (dashed line) spectra of the 
pristine a-SiN/Si(001).  The spectra observed after irradiation with 540 keV C60 ions to a 
fluence of 5.2 × 1012 ions/cm2 are shown by symbols. 
 
Fig. 2  Composition depth profiles of the pristine a-SiN/Si(001) derived from the observed 
high-resolution RBS spectra (open symbols).  The profiles observed after irradiation with 
540 keV C60 ions to a fluence of 5.2 × 1012 ions/cm2 are shown by solid symbols. 
 
Fig. 3  Areal density of Si in the a-SiN film as a function of the ion fluence.  The dashed 
lines show the results of exponential fitting.   
 
Fig. 4  Areal density of N in the a-SiN film as a function of the ion fluence.  The dashed 
lines show the results of exponential fitting.   
 
Fig. 5  Observed total sputtering yield as a function of C60 ion energy.  The result of 100 
MeV Xe ions is also shown for comparison.  The lines show the results of the u-TS 
calculation for various sublimation energies.  The best fit result is obtained with U = 0.94 
eV (thick solid line).   
 
Fig. 6  The observed partial sputtering yields of Si and N as functions of C60 ion energy.  
The result of 100 MeV Xe ions is also shown for comparison.  The dashed lines show the 
u-TS results calculated with U = 0.94 eV.  The solid lines show the best fit results calculated 
with different sublimation energies for each element.   
 
Fig. 7  The sputtering yield ratio YN/YSi as a function of C60 ion energy.  The result of 100 
MeV Xe ions is also shown for comparison.  The dashed line is drawn to guide the eye.  
The solid line shows the u-TS result with sublimation energies USi = 0.91 eV and UN = 1.04 





Fig. 8  The sputtering yield ratio YN/YSi as a function of the fraction of the electronic 
stopping power Se/(Se + Sn).  The dashed line is drawn to guide the eye.  With increasing Se 







Table 1  Observed sputtering yields and collisional sputtering yields calculated using the SRIM code.  The energy losses calculated using 
SRIM are also shown. 
 
 
      Sputtering Yield (atoms/ion)  Energy Loss (keV/nm) 
 YSi YN Ytotal YSRIM YN / YSi Sn Se 
30 keV C60 540 ± 90 660 ±100 1200 ± 140 70 1.4 ± 0.2 8.27 1.71 
120 keV C60 1160 ± 130 1840 ± 200 3000 ± 240 82 1.9 ± 0.2 10.34 3.41 
540 keV C60 1510 ± 210 3510 ± 390 5020 ± 450 66 3.4 ± 0.4 9.55 7.24 
1080 keV C60 810 ± 170 3790 ± 450 4590 ± 480 56 4.2 ± 0.6 7.98 10.24 
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